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1. INTRODUCTION {#ajmga61171-sec-0001}
===============

X‐linked adrenoleukodystrophy (X‐ALD), is the most common peroxisomal disorder, with an estimated incidence of \~1 in 17,000 births (male and female) and 1 in 21,000 males in the United States (Bezman et al., [2001](#ajmga61171-bib-0002){ref-type="ref"}). X‐ALD is caused by mutations in the *ABCD1* gene, located on the X chromosome (Mosser et al., [1993](#ajmga61171-bib-0020){ref-type="ref"}). The *ABCD1* gene encodes the peroxisomal membrane protein, ATP‐binding cassette sub‐family D member one, also known as adrenoleukodystrophy protein, or ALDP (Mosser et al., [1993](#ajmga61171-bib-0020){ref-type="ref"}). ALDP transports very long chain fatty acids (VLCFA) from the cytosol into the peroxisome where the VLCFA are metabolized by beta‐oxidation. Pathogenic variants in the *ABCD1* gene lead to absent or abnormally functioning ALDP, resulting in an accumulation of VLCFA in plasma and tissues, including the brain, spinal cord, and adrenal cortex (Kemp & Wanders, [2010](#ajmga61171-bib-0014){ref-type="ref"}; Singh, Moser, Moser, & Kishimoto, [1984](#ajmga61171-bib-0024){ref-type="ref"}).

Clinical manifestations of X‐ALD are highly variable, even in the same family, and there is neither apparent correlation between genotype and phenotype, nor between degree of VLCFA accumulation and phenotype (Kemp, Berger, & Aubourg, [2012](#ajmga61171-bib-0012){ref-type="ref"}). The principle phenotypes observed in males with X‐ALD are adrenal insufficiency (Addison disease), adrenomyeloneuropathy (AMN), and cerebral ALD (Bezman & Moser, [1998](#ajmga61171-bib-0003){ref-type="ref"}). Affected males may manifest any combination of these, or in rare circumstances, none at all.

Most males with X‐ALD will develop primary adrenal insufficiency, marked by elevated adrenocorticotropic hormone (ACTH) and low levels of cortisol, typically in the first decade of life (Blevins, Shankroff, Moser, & Ladenson, [1994](#ajmga61171-bib-0004){ref-type="ref"}). Lifetime prevalence of adrenal insufficiency in males with X‐ALD is \~80% (Huffnagel et al., [2019](#ajmga61171-bib-0010){ref-type="ref"}). Adrenal crisis in individuals with undiagnosed adrenal insufficiency can result in rapid deterioration and death. Thus, early diagnosis of X‐ALD is vital as affected males with a previously unknown diagnosis are at increased risk for adrenal crisis with physiologic stressors such as surgery or illness (Raymond, Jones, & Moser, [2007](#ajmga61171-bib-0022){ref-type="ref"}).

The childhood cerebral form of the disease, marked by neuroinflammation, and demyelinating lesions in the cerebral white matter, occurs in \~35% of boys with X‐ALD (Mahmood, Dubey, Moser, & Moser, [2005](#ajmga61171-bib-0016){ref-type="ref"}). Early clinical manifestations of cerebral disease can be subtle, and include declining school performance, clumsiness, inattention, behavioral problems, and emotional lability. Progressive auditory and visual impairment may follow as the demyelination advances (Kemp et al., [2012](#ajmga61171-bib-0012){ref-type="ref"}; Kemp, Huffnagel, Linthorst, Wanders, & Engelen, [2016](#ajmga61171-bib-0013){ref-type="ref"}; Raymond et al., [2007](#ajmga61171-bib-0022){ref-type="ref"}). Evidence of disease is most commonly observed between ages 4 and 10 years, and progression is rapid; without treatment, cerebral disease leads to a vegetative state or death, on average, 2 years after the onset of symptoms (Kemp et al., [2012](#ajmga61171-bib-0012){ref-type="ref"}, [2016](#ajmga61171-bib-0013){ref-type="ref"}; Mahmood et al., [2005](#ajmga61171-bib-0016){ref-type="ref"}; Raymond et al., [2007](#ajmga61171-bib-0022){ref-type="ref"}). MRI abnormalities can be detected, on average, 2 years prior to the emergence of significant functional neurologic deficits (Mahmood et al., [2005](#ajmga61171-bib-0016){ref-type="ref"}; Moser et al., [2005](#ajmga61171-bib-0019){ref-type="ref"}).

Males who do not develop childhood cerebral disease will, in most circumstances, develop AMN later in life. AMN is an axonopathy of the spinal cord, with onset most commonly in the third or fourth decade (Engelen et al., [2012](#ajmga61171-bib-0008){ref-type="ref"}). Symptoms include spastic paraparesis, sphincter disturbances, and sexual dysfunction. Severity of disease is highly variable, with some men requiring the use of wheelchairs, while others have only very minor deficits even into their 60s or 70s (Turk, Moser, & Fatemi, [2017](#ajmga61171-bib-0025){ref-type="ref"}).

Woman who are X‐ALD carriers (i.e., heterozygous for an *ABCD1* pathogenic variant) do not typically develop cerebral disease or adrenal insufficiency (Engelen et al., [2014](#ajmga61171-bib-0007){ref-type="ref"}). However, up to 88% of women may become symptomatic with a myelopathy or peripheral neuropathy in adulthood (Engelen et al., [2014](#ajmga61171-bib-0007){ref-type="ref"}). Symptoms are typically milder than those observed in males with AMN and with a later age of onset.

Standard treatment for cerebral ALD is HSCT. When successful, HSCT leads to stabilization of white matter lesions around 6--12 months after engraftment, without any reversal or repair of the already established lesions (Kemp et al., [2016](#ajmga61171-bib-0013){ref-type="ref"}; Miller et al., [2011](#ajmga61171-bib-0018){ref-type="ref"}; Shapiro et al., [2000](#ajmga61171-bib-0023){ref-type="ref"}). However, as there is significant morbidity and mortality associated with this treatment, HSCT is only recommended for individuals with evidence of active cerebral disease (Kemp et al., [2016](#ajmga61171-bib-0013){ref-type="ref"}; Raymond et al., [2007](#ajmga61171-bib-0022){ref-type="ref"}). Five‐year survival after HSCT in those with minimal cerebral involvement (Loes score \< 10 and/or no clinical evidence of neurologic dysfunction) is 91% (Miller et al., [2011](#ajmga61171-bib-0018){ref-type="ref"}). When performed at a later stage of disease (Loes score ≥ 10), mortality is increased (62% 5‐year survival for boys with clinical evidence of neurologic dysfunction at time of HSCT), and HSCT may not be recommended at all if disease is exceptionally progressed (Mahmood, Raymond, Dubey, Peters, & Moser, [2007](#ajmga61171-bib-0017){ref-type="ref"}; Miller et al., [2011](#ajmga61171-bib-0018){ref-type="ref"}; Peters et al., [2004](#ajmga61171-bib-0021){ref-type="ref"}; Raymond et al., [2007](#ajmga61171-bib-0022){ref-type="ref"}; Shapiro et al., [2000](#ajmga61171-bib-0023){ref-type="ref"}).

New York became the first state to add X‐ALD to their state\'s newborn screening program on December 30, 2013 (Vogel et al., [2015](#ajmga61171-bib-0026){ref-type="ref"}). Prior to newborn screening, only males who were diagnosed at a young age with X‐ALD because of a known family history or because of etiologic work‐up of clinical primary adrenal insufficiency had the opportunity for routine screening with brain MRI for cerebral disease. As white matter abnormalities on brain imaging precede outward neurological manifestations, there is a window of opportunity to intervene for individuals with early, clinically pre‐symptomatic, cerebral disease.

With New York\'s experience and because of the potential for improvement in outcome with early diagnosis, ongoing monitoring, and timely treatment, X‐ALD was added to the Federal recommended uniform screening panel (RUSP) in February 2016. States individually choose if and how to implement screening for each disorder, resulting in various screening models and implementation timelines across the country. However, in general, newborn screening for X‐ALD is accomplished by examining C26:0‐lysophosphatidylcholine (C26:0‐LPC) values in dried blood spots collected as part of routine newborn screening. NBS programs may choose to further supplement this analysis with *ABCD1* sequencing on any specimen with elevation of C26:0‐LPC.

Minnesota became the fourth state to begin universal newborn screening for X‐ALD on February 6, 2017. In this article, we report outcomes from the first year of screening for X‐ALD through the state\'s newborn screening program and highlight the public health implications of adding this X‐linked condition with variable presentation to newborn screening programs. The goal of the study was to ascertain birth prevalence and phenotypic presentation of X‐ALD among screened infants and subsequently diagnosed family members, and to identify key downstream considerations including issues pertaining to subsequent family member diagnoses and the identification of variants of uncertain significance in the *ABCD1* gene.

2. METHODOLOGY {#ajmga61171-sec-0002}
==============

A retrospective review of Minnesota Department of Health (MDH) C26:0‐LPC newborn screening results and associated follow‐up outcomes from the first year of screening was completed.

In Minnesota, screening for X‐ALD is completed by measuring C26:0‐LPC in dried blood spots using negative ion‐mode liquid chromatography tandem mass spectrometry (LC‐MS/MS) (Haynes & De Jesús, [2012](#ajmga61171-bib-0009){ref-type="ref"}). Samples with a C26:0‐LPC value \<0.16 μmol/L are considered screen negative and no further action is required. Samples with a C26:0‐LPC value ≥0.30 μmol/L are considered screen positive and the patient is referred for further testing and diagnostic evaluation. Samples with a C26:0‐LPC value between 0.16--0.29 μmol/L are considered screen borderline, and a repeat heel‐stick specimen is requested. If this repeat sample is again ≥0.16 μmol/L, the infant is considered screen positive. If the repeat sample is \<0.16 μmol/L, the case is considered resolved and no further action is recommended.

The total number of infants screened and their C26:0‐LPC results (screen positive, screen borderline, and screen negative) were assessed to determine the observed frequency of positive screens in males and females during the first year of implementation of the assay. Additionally, C26:0‐LPC values for positive screens were analyzed.

Upon a positive screen, Minnesota Department of Health staff contacted the primary care provider for the infant, and the recommendation was made to consult with one of three genetics centers in the state. All but two infants who screened positive for this assay during the period analyzed were ultimately evaluated at the University of Minnesota Medical Center (UMMC).

All families seen at UMMC received genetic counseling and a consultation with a pediatric neurologist as part of their initial visit. Confirmatory serum VLCFA analysis and *ABCD1* mutation analysis were obtained at an initial visit, if not already performed prior to the visit. Clinical history was obtained and neurologic evaluation of the infant completed. Additionally, a family history (minimum three generation pedigree) was taken and reviewed to assess for at‐risk family members. Families were encouraged to communicate risk information to family members, and information regarding appropriate testing for those family members at risk (VLCFA analysis and/or *ABCD1* mutation analysis) was provided. Pedigrees were updated as family members completed testing.

In cases where a variant of uncertain significance (VUS) was identified in the *ABCD1* gene, targeted mutation analysis of other family members was completed to determine whether the variant tracked with biochemical disease (elevated VLCFA) in an attempt to clarify the significance of the variant.

*ABCD1* variants, VLCFA results, and phenotypes of infants who screened positive on the C26:0‐LPC assay were obtained and reviewed as part of routine follow‐up by the Minnesota NBS program and University of Minnesota, following IRB approval. Additionally, pedigrees were analyzed to assess the total number of affected family members and frequency of reported phenotypes for those who were found to have X‐ALD (both hemizygous males and heterozygous females).

3. RESULTS {#ajmga61171-sec-0003}
==========

3.1. Birth prevalence of X‐ALD and efficacy of C26:0‐LPC for detection of disease {#ajmga61171-sec-0004}
---------------------------------------------------------------------------------

In the first year of screening, 67,835 infants were screened in Minnesota, including 33,976 males, 32,005 females, and 1,854 cases where sex was not reported on the screening card *(*Figure [1](#ajmga61171-fig-0001){ref-type="fig"}). Of all infants screened, 11 screened positive (seven males, four females), while 44 screened borderline (27 males, 17 females). Of those that screened borderline, the requested repeat screen was deemed positive for three infants (two males, one female), for a total of 14 screen positive results. Two female borderline cases were lost to follow‐up, and one male died prior to a repeat screen. To the best of our knowledge, this death was unrelated to a possible diagnosis of X‐ALD or other peroxisomal disorder.

![Flowchart demonstrating results of infants screened for ALD on NBS during Minnesota\'s first year of screening. ALD, adrenoleukodystrophy; NBS, newborn screening](AJMG-179-1205-g001){#ajmga61171-fig-0001}

All infants who screened positive for X‐ALD via C26:0‐LPC on NBS were subsequently confirmed positive by serum VLCFA analysis. This confirmatory analysis was performed at one of two clinical laboratories, Kennedy Krieger Institute or Mayo Medical Labs, with different units of measurement and cut‐off values utilized at each laboratory. VLCFA results were converted to μmol/L to allow for comparison between laboratories (Table [1](#ajmga61171-tbl-0001){ref-type="table"}). Given that all infants were subsequently confirmed positive with diagnostic testing, there were zero false positive results for X‐ALD during the time analyzed; positive predictive value (PPV) for screen positive cases = 100%. Of the 44 infants with initial screen borderline results, the majority were within normal limits on a separate repeat specimen; however, three were screen positive on their repeat specimen and were subsequently confirmed to have X‐ALD via serum VLCFA analysis (PPV for screen borderline cases = 6.8%).

###### 

C26:0‐LPC, serum C26:0, *ABCD1* variant and classification, inheritance and family history for positive screens

  Case                                          NBS C26:0 LPC (μmol/L)   VLCFA C26:0    *ABCD1* variant                         Classification by clinical laboratory                        Previously reported   Inherited                                                    Known family history
  --------------------------------------------- ------------------------ -------------- --------------------------------------- ------------------------------------------------------------ --------------------- ------------------------------------------------------------ ----------------------
  F1[a](#ajmga61171-note-0002){ref-type="fn"}   0.17                     2.14 μmol/L    c.508G \> A (p.Ala170Thr)               Variant of uncertain significance                            Yes                   Unknown                                                      No
  F2                                            0.54                     2.09 μmol/L    c.1635‐16_1645delins CACAGACATGTAGGGC   Likely pathogenic                                            No                    Maternal                                                     No
  F3                                            0.57                     1.84 μmol/L    c.1978C \> T (p.Arg660Trp)              Pathogenic                                                   Yes                   De novo                                                      No
  F4[b](#ajmga61171-note-0003){ref-type="fn"}   0.3                      Declined       N/A                                     N/A                                                          N/A                   Maternal                                                     Yes
  F5                                            0.64                     2.65 μmol/L    c.1553G \> A (p.Arg518Gln)              Pathogenic                                                   Yes                   Maternal                                                     Yes
  M1[a](#ajmga61171-note-0002){ref-type="fn"}   0.26                     3.34 μmol/L    No variant detected                     N/A                                                          N/A                   Maternal                                                     No
  M2[a](#ajmga61171-note-0002){ref-type="fn"}   0.16                     1.53 μmol/L    c.80A \> C (p.Tyr27Ser)                 Likely Pathogenic[c](#ajmga61171-note-0004){ref-type="fn"}   No                    Maternal                                                     No
  M3                                            0.72                     10.60 μmol/L   c.293C \> T (p.Ser98Leu)                Pathogenic                                                   Yes                   Presumed maternal[d](#ajmga61171-note-0005){ref-type="fn"}   No
  M4                                            0.35                     3.18 μmol/L    c.823C \> T (p.Arg275Trp)               Likely Pathogenic[c](#ajmga61171-note-0004){ref-type="fn"}   No                    Maternal                                                     No
  M5                                            0.76                     6.90 μmol/L    c.487C \> T (p.Arg163Cys)               Likely pathogenic                                            No                    Presumed Maternal[d](#ajmga61171-note-0005){ref-type="fn"}   No
  M6                                            0.4                      2.17 μmol/L    c.1597A \> C (p.Lys533Gln)              Likely pathogenic                                            Yes                   Maternal                                                     No
  M7                                            0.47                     N/A            c.823C \> T (p.Arg275Trp)               Likely Pathogenic[c](#ajmga61171-note-0004){ref-type="fn"}   No                    Maternal                                                     No
  M8                                            0.43                     1.92 μmol/L    c.593C \> T (p.Thr198Met)               Likely pathogenic                                            Yes                   Maternal                                                     No
  M9                                            1.12                     8.067 μmol/L   c.1973C \> T (p.Thr658Ile)              Likely pathogenic                                            Yes                   Unknown                                                      No

Abbreviations: C26:0‐LPC, C26:0 lysophosphatidylcholine; VLCFA, very long chain fatty acids; X‐ALD, X‐linked adrenoleukodystrophy.

Cases where repeat screen after borderline result was abnormal. This is the C26:0‐LPC value of the final repeat screen.

This female infant had a known family history of X‐ALD. Prenatal testing via amniocentesis revealed the familial *ABCD1* variant; however, parents declined genetics follow‐up after birth, and the Minnesota Department of Health was not notified of specific disease‐causing *ABCD1* variant.

Initially classified as a variant of uncertain significance.

Presumed maternal based on two sons with X‐ALD; however, confirmatory testing in mother not completed.

*ABCD1* analysis was also completed in all cases, and a variant was detected in all but one case (Table [1](#ajmga61171-tbl-0001){ref-type="table"}). This case is discussed in further detail below.

The false negative rate was not specifically assessed in the current study. No reports of false negative cases were received during the study period, though the time period analyzed may be too short for these cases to have presented clinically.

Based on results from the first year of screening in Minnesota, the overall birth prevalence of X‐ALD in this population was 1 in 4,845. Prevalence in males was estimated to be 1 in 3,878 (nine affected males/33,976 total male infants +927 \[half of unknown gender cases\]). Female prevalence was slighter lower, estimated at 1 in 6,586 (five affected females/32,005 total female infants +927 \[half of unknown gender cases\]). This lower prevalence could indicate that some female heterozygotes are missed by the NBS assay, which would corroborate previous work showing that female heterozygotes typically have lower C26:0 values than affected hemizygous males, and thus may have screening values under the cut‐off range.

3.2. VLCFA results, *ABCD1* variants and phenotypes of proband {#ajmga61171-sec-0005}
--------------------------------------------------------------

All 14 confirmed X‐ALD infants were asymptomatic at initial consultation. Specifically, none had hypotonia, seizures, feeding difficulties, or any abnormalities on neurologic or physician exam that could indicate a different peroxisomal disorder. Adrenal function studies as well as brain MRIs performed at 1 year of age have been normal and without evidence of cerebral disease in all infants who had these additional screening studies after diagnosis.

Assessment of confirmatory serum C26:0 values was performed. Values for females ranged from 1.84 to 2.65 μmol/L with an average of 2.18 μmol/L. Values for males ranged from 1.53 to 10.60 μmol/L with an average of 4.71 μmol/L. (Table [1](#ajmga61171-tbl-0001){ref-type="table"}).

Of the 14 positive newborn screening cases, *ABCD1* variant analysis results were available for all but one case at the time of this review. This individual, F4, had a known family history of X‐ALD, and prenatal amniocentesis reportedly identified that this female carried the familial *ABCD1* variant. As such, parents declined follow‐up with genetics and postnatal confirmatory testing after positive newborn screen.

Another individual (M1) did not have an identifiable *ABCD1* gene variant by next generation sequencing and deletion/duplication analysis. This individual\'s older brother, mother, and maternal male first cousin were also found to have elevated VLCFA. There was no family history of cerebral disease or adrenal insufficiency; however, his maternal grandmother endorses pain in her feet and difficulty walking, especially when going up stairs, since her mid‐50s. Based on the family history suggestive of X‐linked inheritance, and the fact that all affected individuals are asymptomatic, other autosomal recessive peroxisomal disorders were not considered. As a result, only *ABCD1* analysis was completed. Functional studies on the patient\'s fibroblasts to assess for adrenoleukodystrophy protein (ALDP) was subsequently sent, and returned with significantly reduced presence ALDP on immunoblot, further confirming the diagnosis of X‐ALD for this individual.

In the other 12 cases, initial *ABCD1* gene analysis demonstrated three pathogenic variants, five likely pathogenic variants, and four variants of uncertain significance (Table [1](#ajmga61171-tbl-0001){ref-type="table"}). Seven of the variants were previously reported, and five were novel.

Four infants\' (F1, M2, M4, M7) *ABCD1* analyses initially returned with a variant of uncertain significance. Two of these infants had the same *ABCD1* variant but were seemingly unrelated. After targeted variant analysis in other affected and unaffected family members (based on VLCFA results; most family members were clinically asymptomatic) and showing that the variant tracked with biochemical results in these family members, all but one of these variants of uncertain significance was subsequently reclassified as likely pathogenic by the performing clinical diagnostics laboratory. The one that was not reclassified was one of the individuals not seen at UMMC, and thus it is unclear if segregation studies were performed.

Two male infants (M3 and M9) had VLCFA values that were far more elevated than is typical in X‐ALD, 10.60 and 8.07 μmol/L, respectively. While both had VLCFA analysis completed at different diagnostic laboratories, M9 had VLCFA analysis in a laboratory reporting C26:0 value in the reference range typical of that seen in individuals with Zellweger syndrome (reported mean for X‐ALD hemizygote = 3.28 μmol/L; mean for Zellweger syndrome = 9.91 μmol/L). C26:0‐LPC on dried blood spot for M9 was also 1.12 μmol/L, which was the highest value of all the screen positive cases, with the next highest being 0.76 μmol/L. Because of these significantly elevated VLCFA values, a peroxisomal gene panel was recommended by the clinical teams of both infants rather than simply analyzing *ABCD1*. Plasmalogens, pipecolic acid, phytanic acid, and pristanic acid were also sent for M9 and were normal. Results of genetic testing returned with a pathogenic *ABCD1* variant for both M3 and M9, and no other variants were detected in any of the other analyzed genes.

3.3. Family member analysis {#ajmga61171-sec-0006}
---------------------------

Of the 14 probands, family history and subsequent familial diagnostic workup was available for 13. Two of these 13 probands had a known family history of X‐ALD prior to the proband\'s diagnosis on NBS, and for the purpose of this report, these two cases were not included in further familial analysis. For the remaining 11 families, 32 male family members had testing for ALD (primarily VLCFA analysis) following the proband\'s diagnosis, and 17 of these males had elevated VLCFA, consistent with X‐ALD (Table [2](#ajmga61171-tbl-0002){ref-type="table"}). Additionally, 24 females were confirmed to be a carrier of X‐ALD, either through confirmatory testing (VLCFA analysis and/or *ABCD1* targeted mutation analysis) or because they were an obligate carrier based on the family history. Thus, a total of 41 family members were diagnosed with X‐ALD (either hemizygote or heterozygote) following diagnosis in a proband on NBS, for an average of 3.7 family member diagnoses per proband. Importantly, not all at‐risk family members had completed testing at the time of this article, indicating this number is likely an underestimate of the true number of affected family members that will be diagnosed as a result of newborn screening.

###### 

Demographics and phenotypes of ALD in family members

  -------------------------------------- ---------------------------------------------------
  Number of diagnosed family members     41
  Males                                  17
  Females                                24
  Age of diagnosed male family members   
  Range                                  1--67 years
  Average                                17 years
  Median                                 10 years
  Phenotypes of family members           
  Males with cerebral disease            1 (5.9% of males)
  Males with adrenal insufficiency       1 (5.9% of males)
  Males with AMN symptoms                2 (11.8% of all males, 66.7% of males \>18 years)
  Females with AMN symptoms              7 (29.2%)
  -------------------------------------- ---------------------------------------------------

*Note*: Demographic and phenotypic information for family members diagnosed with X‐ALD following diagnosis in proband. This data excludes information from two families with a known family history of X‐ALD prior to diagnosis in proband.

Abbreviations: ALD, adrenoleukodystrophy; AMN, adrenomyeloneuropathy; X‐ALD, X‐linked adrenoleukodystrophy.

Only one case was confirmed to have occurred de novo, for a de novo rate of around 7.7%. An additional family had not completed targeted maternal testing at the time of the study.

At the time of this writing, aside from the clinical findings in families with a known family history of X‐ALD prior to newborn screening, mild neuropathy symptoms were self‐reported in 11.8% of male family members (66.7% of males \>18 years of age), and 29.2% of female family members (Table [2](#ajmga61171-tbl-0002){ref-type="table"}). Only one of the subsequently diagnosed males were found to have childhood cerebral disease. Thus, the frequency of cerebral disease found after first evaluation of affected male family members was 5.9%. However, it must be noted that aside from this symptomatic male, 7 of the other 16 male relatives with X‐ALD were younger than 10 years of age, and thus still at a high risk for developing childhood cerebral disease. The individual with active cerebral disease had no outward clinical symptoms of cerebral disease; however, brain MRI revealed T2 hyperintensity within the white matter and corpus callosum. His cerebral disease was caught relatively early, with a Loes score of two, and hematopoietic stem cell transplantation was recommended. This same male was also found to have adrenal insufficiency.

4. DISCUSSION {#ajmga61171-sec-0007}
=============

This is one of the first reports describing outcomes of population screening of X‐ALD on a newborn screening platform. While the benefits of adding X‐ALD to newborn screening programs and the potential lives saved are undeniable, there are several novel challenges not previously encountered with other conditions tested for in NBS programs.

Our study found that over the first year of screening in Minnesota, 14 infants screened positive for X‐ALD on NBS, and all were subsequently confirmed positive. These results suggest that C26:0‐LPC detection by LC‐MS/MS is an effective and specific population‐based screening assay for X‐ALD, with a high positive predictive value with confirmation of all screen positive results during the year analyzed. As five females were also detected, this NBS assay may also be a reliable test for detecting female heterozygotes. In fact, one study concluded that C26:0‐LPC from dried blood spots is actually more sensitive at detecting female heterozygotes than serum VLCFA levels (Huffnagel et al., [2017](#ajmga61171-bib-0011){ref-type="ref"}).

4.1. Variability in prevalence of X‐ALD {#ajmga61171-sec-0008}
---------------------------------------

In the first year of screening in Minnesota, the birth prevalence of X‐ALD in males was found to be 1 in 3,878. This birth prevalence is more than five times the incidence in males observed by Bezman et al. ([2001](#ajmga61171-bib-0002){ref-type="ref"}) in which the incidence was calculated based on VLCFA results from two of the main laboratories that completed testing at the time, Kennedy Krieger Institute and Mayo Medical Laboratories (Bezman et al., [2001](#ajmga61171-bib-0002){ref-type="ref"}). The birth prevalence found in Minnesota was also more than four times that observed in males detected by NBS in New York State, which was 1 in 16,074 (Caggana, [2018](#ajmga61171-bib-0005){ref-type="ref"}). The overall birth prevalence in both males and females in Minnesota was 1 in 4,845, which was comparable, though still higher, to that detected by NBS in Connecticut, which was 1 in 9,341.

One factor contributing to the observed higher birth prevalence in Minnesota may simply be the result of the population‐based screening approach undertaken with NBS. Individuals who may not have otherwise come to medical attention due to mild phenotypes are identified and diagnosed in the newborn period. This theory would infer that there are hundreds of males who have X‐ALD, but are clinically asymptomatic, or have previously escaped medical detection, and thus are underrepresented in past birth prevalence data. This would further suggest a broader spectrum of disease, with more males falling into the mild or asymptomatic categories than previously reported. However, this hypothesis does not explain why the birth prevalence of X‐ALD on NBS in New York is four times less frequent than Minnesota\'s observed birth prevalence.

Another potential explanation for the variable frequencies in NBS populations across states could be differences in cut‐off values or screen borderline/ screen positive categories, which are determined by each state independently. This could mean that states with lower reported frequencies are potentially missing cases due to utilization of higher cut‐off values. Alternatively, states with more conservative cut‐off values, such as Minnesota, are potentially identifying false‐positive cases. The latter seems less likely, as all positive screens in Minnesota were confirmed to have X‐ALD.

Another explanation could simply be a higher incidence of X‐ALD in the state of Minnesota for reasons that are currently unclear. It is also possible that Minnesota had a skewed birth prevalence in the first year of screening, and that the true birth prevalence will decline over time. However, to fully appreciate the causes of the frequency differences, more time will be needed to both assess clinical symptomatology of the infants identified and determine if cases are being missed, as no false‐negative results have been reported thus far, even in states with higher cut of values.

4.2. Phenotypic spectrum {#ajmga61171-sec-0009}
------------------------

Disease presentation for X‐ALD is highly variable, even within the same family. This means that once a newborn is diagnosed, we are not able to predict in which way, at which age, or how severely, the disease will present in that individual.

To date, all newborns detected by newborn screening in Minnesota have been asymptomatic without adrenal or cerebral involvement. This is not surprising, as the oldest individual identified by NBS is only around 24 months of age at the time of this writing, younger than we would typically expect signs or symptoms to manifest. It is expected that with time, some of these boys will be diagnosed with primary adrenal insufficiency and childhood cerebral disease.

Eleven probands without prior known family history of X‐ALD received care at the University of Minnesota. From these 11 probands, an additional 41 family members (17 male and 24 females) were confirmed to also have X‐ALD. Of these family members, cerebral disease was subsequently diagnosed in one individual, a 6‐year‐old brother of the proband identified on NBS. This same individual also had adrenal insufficiency. All other affected males had brain MRI and adrenal function studies that were normal.

AMN‐like symptoms were self‐reported in two males and seven females. Worth noting, the majority of adult family members did not have a neurologic evaluation, so it is possible AMN symptoms would have been evident on exam in individuals that self‐reported no consistent clinical manifestations.

These mild/asymptomatic phenotypes in affected family members, in combination with the higher observed prevalence of disease, raises the possibility that the spectrum of ALD may be broader than previously thought, and that milder/seemingly asymptomatic cases could have previously been underrepresented.

4.3. Genotypic spectrum {#ajmga61171-sec-0010}
-----------------------

Both frameshift and missense variants in the *ABCD1* gene were detected, and there were no apparent mutational hotspots. There were numerous novel variants which appeared to be private, familial variants.

Four variants were initially classified as a variant of uncertain significance, three of which were subsequently reclassified as likely pathogenic after the variants were found to co‐segregate with elevated VLCFA in the family. This highlights the importance of completing follow‐up familial studies to aid in interpretation of variants of uncertain significance. If familial testing is not an option, or if the variant remains a VUS after these studies, functional screening on fibroblasts for ALDP expression may prove beneficial in ruling in or out a diagnosis of X‐ALD. However, this testing is not readily available in the US at present. Reclassification of variants of uncertain significance is particularly important when families are planning on using this genetic information for reproductive purposes in future pregnancies.

Furthermore, this emphasizes the importance of contributing genotypic information to variant databases, such as the ALD Mutation Database ([2019](#ajmga61171-bib-0001){ref-type="ref"}) ("ALD Mutation Database"). As there are hundreds of different pathogenic variants in *ABCD1*, many of which are novel or seemingly unique to a family, it is important to share variant information in order to aid in determining the pathogenicity of variants if seen in the future.

4.4. Spectrum of diagnostic results {#ajmga61171-sec-0011}
-----------------------------------

Much is often learned about the phenotypic spectrum of disease after population‐based screening such as NBS, and X‐ALD is likely to be no exception. In addition to the higher prevalence than previously reported with a more prominent mild/asymptomatic phenotype, the cases below highlight that there is still much to be learned to regard the diagnostic tools used for X‐ALD (genetic testing and VLCFA analysis).

One male (M1) had a personal and family history (brother, mother, and maternal male cousin) of elevated VLCFA; however, no *ABCD1* variant was detected by next generation sequencing or deletion/duplication analysis. Functional studies on the patient\'s fibroblasts returned with only trace ALDP on immunoblot, confirming the diagnosis of X‐ALD for this individual. While an *ABCD1* variant has been detected in all previously published cases of X‐ALD, one author (G. Raymond) has previously cared for a single family with X‐ALD without an identifiable *ABCD1* mutation. It is possible that these families have a variant in *ABCD1* that cannot be detected by standard sequencing technology, such as an intronic variant or structural rearrangement. Therefore, it may prove true that a diagnosis of X‐ALD cannot be definitively excluded in cases without a detectable *ABCD1* variant based on standard sequencing methods, especially when a family history is suggestive of an X‐linked inheritance pattern. In these scenarios, functional screening on fibroblasts for ALDP expression may prove beneficial in ruling in or out a diagnosis of X‐ALD.

Two males (M3 and M9) had confirmatory VLCFA values that were far more elevated than is typical in X‐ALD, and were more in line with values seen in other, more severe, peroxisomal conditions. A differential diagnosis to include other peroxisomal disorders (such as Zellweger syndrome) was therefore considered and a peroxisomal gene panel was recommended rather than *ABCD1* analysis alone. For both males, genetic testing returned with a likely pathogenic variant in the *ABCD1* gene, and no other variants were detected in any of the other genes analyzed. Therefore, the diagnosis of X‐ALD was confirmed based on genotypic information for these individuals. These cases highlight the limitation of using VLCFA values alone as a diagnostic tool in a proband, and the importance of follow‐up genetic testing to differentiate between various peroxisomal conditions, especially in the absence of clinical symptoms.

4.5. Impact of X‐linked disorders after NBS {#ajmga61171-sec-0012}
-------------------------------------------

X‐ALD is the first condition on the RUSP with X‐linked inheritance; prior disorders have been conditions inherited in an autosomal recessive pattern. Typically, with autosomal recessive inheritance, only siblings of an affected individual are at risk to also have the condition. In contrast, for disorders with autosomal dominant and X‐linked inheritance patterns, numerous family members in different generations can be affected.

Based on a de novo rate of only 7.7% in our study, and a similar rate in other studies, it is clear that X‐ALD is inherited in the vast majority of cases (Wang et al., [2011](#ajmga61171-bib-0027){ref-type="ref"}). Once a proband is diagnosed on NBS, there are often dozens of family members that are at‐risk for the condition. Because of the highly variable nature of the disease presentation even within a family, a diagnosis cannot be ruled out simply because someone is seemingly healthy without associated symptoms. These family members should undergo diagnostic testing to determine whether they have X‐ALD.

Logistically, it can be difficult to have family members complete diagnostic testing. In UMMC\'s experience, around half of primary care providers felt comfortable ordering VLCFA for their patients; however, no primary care providers felt comfortable ordering targeted *ABCD1* analysis. While this is understandable given the complexities of molecular testing, result interpretation, and test cost/health‐insurance coverage, this means numerous at‐risk family members did not get tested or had to travel to a specialty center offering genetic counseling to coordinate testing. The high number of at‐risk family members recommended being tested also corresponded to increased workload for our center in trying to help coordinate diagnostic testing for family members. This also led to increased referrals once family members had confirmatory testing and were found to have X‐ALD, or referrals if a family member could not have testing done locally and wanted to pursue testing at UMMC.

This is not different from if an individual is diagnosed following symptoms of childhood cerebral disease or primary adrenal insufficiency, but the coordination and follow up move from clinical centers to the newborn screening programs and their participating genetic centers. This diagnostic domino effect is something not seen with the other conditions on NBS and should be taken into consideration to ensure appropriate resources are available when adding X‐ALD to a state\'s NBS program.

4.6. Conclusion & future directions {#ajmga61171-sec-0013}
-----------------------------------

The benefits of adding X‐ALD to newborn screening programs and the potential lives saved are predicted to be significant. The LC‐MS/MS assay used in Minnesota has proven to be robust and highly effective at detecting affected individuals, with Minnesota confirming all screen positive results in the first year of screening. However, there are unique challenges with adding this condition to NBS including variants of uncertain significance, inability to predict phenotypic severity in confirmed cases, and downstream diagnoses of numerous family members based on the X‐linked inheritance pattern.

Based on these unexpected challenges, our center adjusted protocols for handling NBS cases, both in regard to initial notification and confirmatory testing, and as it relates to ongoing care for this patient population.

Initially, following notification of a positive NBS for X‐ALD, the primary care provider was requested to order confirmatory VLCFA analysis, and only refer if X‐ALD was confirmed. Because this process took over a month in numerous cases, and taking into consideration the reliability of the NBS assay for this condition, the protocol was updated to eliminate the need for the primary care provider to order confirmatory testing. Rather, patients were immediately referred to a genetic counselor where the condition was discussed, family history obtained to assess for other at‐risk males, and confirmatory VLCFA and *ABCD1* analysis drawn. This allowed families to receive accurate information and confirmation of diagnosis in a timely manner.

In an attempt to meet the ongoing needs of this large patient population, a multidisciplinary adrenoleukodystrophy clinic was created at UMMC to meet the comprehensive medical needs of pre‐symptomatic newborns detected by NBS and their family members.

Specialty centers in states that are just beginning screening for X‐ALD may want to proactively assign responsibility for the initial notification and follow‐up diagnostic testing for these cases. Given the high positive predictive value of the LC‐MS/MS screening assay for X‐ALD, a different approach may need to be considered for this condition compared to other screened conditions which have higher rates of false positive screens. Furthermore, states should be prepared for, and anticipate detecting, far more cases than predicted based on previously reported disease incidence and may want to proactively consider where the medical home for these patients will be.

Overall, adding X‐ALD to Minnesota\'s newborn screening program proved immediately beneficial. Not only were a high number of probands detected and placed on a monitoring protocol, but a number of affected family members were also subsequently detected, including one young male with early, clinically‐silent cerebral disease, and adrenal insufficiency. X‐ALD was much more common than anticipated with a birth prevalence of 1 in 4,845 in the first year of screening. With the higher anticipated birthprevalence and subsequent detection and diagnosis of numerous family members, thoughtful planning and coordination by specialists will be imperative for successful implementation of population‐based screening for X‐ALD.
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